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Abstract

In recent years, photochemical smog has been a major cause of air pollution in the
metropolitan area of Guangzhou, China, with a continuing increase in the concentra-
tions of photochemical pollutants. The concentration of peroxyacetyl nitrate (PAN) has
often been found to reach very high levels, posing a potential threat to the public health.5

To better understand the changes in PAN concentration and its sources, a study was
carried from January to December of 2012 at the Guangzhou Panyu Atmospheric Com-
position Station (GPACS) to measure the atmospheric concentrations of PAN as well as
those of ozone (O3), nitrogen oxides (NOx), and non-methane hydrocarbon (NMHC).
These data were analyzed to investigate the quantitative relationships between PAN10

and its precursors. In the study period, the hourly concentrations of PAN varied from
below instrument detection limit to 12.0 ppbv. The yearly mean concentration of PAN
was 0.84 ppbv, with the daily mean concentration exceeding 5 ppbv in 32 of the to-
tal observation days. Calculations indicate that among the measured NMHC species,
alkenes accounted for 53 % of the total NMHC contribution to the PAN production, with15

aromatics and alkanes accounting for about 11 and 7 % of the total, respectively. During
the period of our observation only a modest correlation was found between the con-
centrations of PAN and O3 for daytime hours, and observed PAN concentrations were
relatively high even though the observed NMHCs/NOx ratio was low. This suggests
regional air mass transport of pollutants had a major impact on the PAN concentrations20

in Guangzhou area.

1 Introduction

Peroxyacetyl nitrate (CH3C(O)O2NO2, PAN) is one of the products of photochemical
reactions in the troposphere (Roberts, 2007). It plays an important role in many atmo-
spheric processes and has a major impact on urban and regional air quality (Nielsen25

et al., 1981; Kourtidis et al., 1993; Williams II et al., 1990). PAN is highly toxic and is
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harmful to human health at a concentration as low as 5 ppbv (Taylor et al., 1969; WHO,
1987; Sun and Huang, 1995).

The formation of PAN in the atmosphere begins with reactions of volatile organic
compounds (VOCs) with hydroxyl (OH) radical (Reaction R1a) or photolysis of VOCs
to produce peroxyacetyl (PA) radicals (Reactions R1b, R1c), which then react with5

nitrogen dioxide (NO2) to form PAN (R2).

CH3CHO+OH
O2−→ CH3C(O)OO+H2O (R1a)

CH3(O)CH3 +hν
O2−→ CH3C(O)OO+CH3 (R1b)

10 CH3COCHO+hν
O2−→ CH3C(O)OO+HCO (R1c)

CH3C(O)OO+NO2 +M→ CH3C(O)O2NO2 +M (R2)

Other acyl peroxy nitrates (RC(O)OONO2) are also formed from the oxidation of
VOCs, but with a much lower yields. In the atmosphere, PAN accounts for 75–90 %15

of the total acyl peroxy nitrates (Roberts et al., 2002, 2007; Wolfe et al., 2007) and is
a dominant organic nitrate reservoir (Roberts et al., 1995; Bertram et al., 2013).

Different VOC precursors affect the PAN formation differently (Derwent and Jenkin,
1991). For example, isoprene, which has a high chemical reactivity and can strongly
impact the PA radical production (Altshuller, 1993; Roberts et al., 2001, 2002, 2006;20

Cleary et al., 2007), is a major precursor of PAN (Folberth et al., 2006; Fischer et al.,
2014; Horowitz et al., 1998); on the other hand, recent research has shown that aro-
matic compounds of relatively low reactivity are also important to the production of PAN
(Grosjean et al., 2002; Liu et al., 2010).

PAN is removed from the atmosphere through a number of processes. Removal of25

PAN from the atmosphere through atmospheric deposition potentially is an important
source of nitrogen for plants (Schrimpf et al., 1996; Sparks et al., 2003; Wolfe et al.,
2009) and can have a significant impact on ecosystem productivity and soil acidification
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(Goulding et al., 1998; Magnani et al., 2007). The main mechanisms for PAN removal
from the atmosphere are thermal decomposition and UV photolysis (Singh et al., 1987;
Tuazon et al., 1991; Talukdar et al., 1995). At low latitudes, where temperature is high
and UV radiation is relatively low, thermal decomposition dominates the PAN consump-
tion. At night or in the winter, because of its stability at low temperature, PAN can be5

transported for long distances and, when temperature rises, decompose to release
NOx, thus becoming a source of radicals (Singh and Salas, 1989; Beine et al., 2000)
and affecting regional O3 formation (Crutzen, 1979; Ridley et al., 1990; Hudman et al.,
2004).

In the troposphere, nearly all of the PAN is produced by photochemical reactions.10

Therefore, PAN is often considered a better indicator of photochemical processes com-
pared to O3, which can come from a number of sources and processes (Bottenheim
et al., 1994; McFadyen and Cape, 2005; Nieboer et al., 1976). In smog chamber ex-
periments, both PAN and O3 are formed from reactions of NOx and VOCs following
similar photochemical mechanisms (Pitts et al., 1975; Spicer, 1982). This suggests15

that there should exist a correlation between the concentrations of these two pollutants
in polluted urban airs. Although studies have found that the PAN concentration in many
environments closely follows the O3 concentration (e.g., Tsani-Bazaca et al., 1988;
Glavas et al., 2001; Zhang et al., 2009), other studies have failed to show a correlation
between the concentrations of these two characteristic photochemical products (e.g.,20

Kourtidis et al.,1993; Rappengluck et al.,1993; McFadyen and Cape, 2005; Liu et al.,
2010; Wang et al., 2010), suggesting the possible presence of other sources of PAN
and/or O3 in addition to local photochemical reactions.

Over the last three decades, the air quality of the metropolitan area of Guangzhou
in south China has been deteriorating as the result of high emissions of air pollutants,25

higher temperatures, high relative humidity, and strong solar radiation (Wu et al., 2009).
In recent years, severe photochemical pollution episodes occur frequently and now is
a major focus of the city’s air pollution control effort. Among the important photochem-
ical pollutants monitored in Guangzhou, PAN has often been found to reach high con-

17096

http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/15/17093/2015/acpd-15-17093-2015-print.pdf
http://www.atmos-chem-phys-discuss.net/15/17093/2015/acpd-15-17093-2015-discussion.html
http://creativecommons.org/licenses/by/3.0/


ACPD
15, 17093–17133, 2015

Source analysis of
PAN in Guangzhou,

China

B. G. Wang et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

centrations in the air, posing potential harm to public health. Although recently there
have been a number of studies of PAN in China and its surrounding areas, they were
largely limited to the severe smog episodes (Watanabe et al., 2000; Lee et al., 2008;
Wang et al., 2010; Zhang et al., 2009; J. B. Zhang et al., 2011). Little effort has been
devoted to continuous observations of PAN and related photochemical pollutants in the5

area’s atmosphere.
We have carried out a year-long observation study in Guangzhou to collect time se-

ries concentration data of PAN, O3, NOx and non-methane hydrocarbons (NMHCs) as
well as meteorological data. Using these data, we examined the variation of PAN con-
centration over an entire year and the relationship between PAN and other photochem-10

ical pollutants (O3, NOx, and NMHCs). Based on the observed NMHC concentrations,
we also evaluated the contributions of different NMHC species to the production of
PAN. Results of this study will provide useful information for more effectively managing
the air quality of Guangzhou and the surrounding areas.

2 Experimental15

2.1 Experiment site

This study was conducted at Guangzhou Panyu Atmospheric Composition Station
(GPACS) from January to December 2012. The station is a national meteorological
site (Site ID: 59481) and is located in the Panyu district of Guangzhou, with an ele-
vation of 141 ma.s.l. (Fig. 1). Except for one highway, there are no major air pollutant20

emission sources within 500 m of GPACS. The site, being in the paths of major surface
flows in the Pearl River Delta (PRD) region, is primarily influenced by the Southeast
prevailing winds in the spring and summer and by the easterly prevailing winds in the
autumn and winter (Wu et al., 2009). The site is a unique location for studying the air
pollution of Guangzhou under different meteorological conditions (Deng et al., 2010).25
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2.2 Monitoring equipment and measurement methods

PAN was measured with an online analyzer of gas chromatography coupled with elec-
tronic captured detector (GC-ECD, Meteorology Consult, Germany), which had been
widely used in similar studies (Volz-Thomas et al., 2002; Zellweger, 2003; Zhang et al.,
2009; Lin et al., 2011; J. B. Zhang et al., 2011; Lee et al., 2013; Zhang et al., 2014).5

The analyzer is a fully automated system consisting of a gas chromatography (GC)
separation system, an electron capture detector (ECD), and a calibration unit. It is ca-
pable of 24 h real-time monitoring with a frequency of 6 measurementsh−1. Air samples
were first pre-concentrated, then passed through a cooled capillary column to prevent
thermal degradation of PAN during contact with the stationary phase, and finally were10

carried to the ECD with ultrapure nitrogen gas for quantitative analysis. A back-flushed
precolumn prevented column contamination and reduced analysis run time. Sampling
and chromatographic columns switch were controlled by a pneumatic 10-way valve.
The data were processed with PC software Adam 32 (v1.44). Instrument detection
limit was 50 pptv, with an accuracy about ±15 %.15

Two online monitors of gas chromatography coupled with flame ionization detec-
tor (GC-FID), GC5000VOC and GC5000BTX (AMA Instruments, Germany), were
used to analyze 56 NMHCs designated as photochemical precursors by the United
States Environment Protection Agency. The GC5000VOC was used for monitor-
ing C2–C5 species and the GC5000BTX for C6–C12 species, both at a 1 h sam-20

pling frequency. Air samples were enriched in the GC5000VOC analyzer through
two-stage trap, and then thermally desorbed when the temperature increased to
200 ◦C, followed by separation with two-dimensional chromatography. The chromato-
graphic columns consisted of an Al2O3/Na2SO4 plot column (60m×0.32mm inner
diameter ×5 µm thickness) and a CARBOWAXTM back flushing column (30m×25

0.32mm inner diameter ×0.25 µm thickness). The back flushing column was firstly
used to remove the moisture component and high-boiling VOC species, and then the
plot column was followed to separate the low-boiling VOC species. The GC5000BTX
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pre-concentrated the VOCs at 30 ◦C and then thermally desorbed them at 270 ◦C;
afterwards, the analyzer separated the compounds in the DB-1 column (60m×
0.32mm inner diameter ×10 µm thickness), in order to achieve optimum separation
and prevent interference from related compounds.

O3 was analyzed using an EC9810B ozone analyzer (Ecotech Co., Australia) based5

on the UV-absorption method and the Lambert–Beer Law. NOx were measured by
an EC9841B NO-NO2-NOx analyzer (Ecotech Co., Australia) with a heated Molybde-
num NO2 to NO converter and gas phase chemiluminescence technology was used
to quantify NO concentrations. As the hot Molybdenum catalyst can also convert other
odd-nitrogen (Winer et al., 1974), a particulate filter and a delay coil were applied be-10

tween the sampling inlet and the catalyst to reduce the negative impact (Cao et al.,
2013). We are aware that this method may still overestimate NOx concentrations, so
in the following sections, NOx is denoted by NO∗x when measured concentrations are
described, and should be considered as the upper limits of their actual values (Dunlea
et al., 2007; Ran et al., 2011). The O3, NO, and NO2 data were recorded with a data15

logger (Model 8816, Environmental Systems Corporation) in 1 min average. The con-
ventional meteorological data (including UV solar radiation, temperature, wind speed,
and wind direction) for the study period were made available through GPACS’s regular
monitoring and data collection; a detailed description of the station operation can be
found in Lin et al. (2011). All instruments were housed in a quality controlled building20

to ensure normal running conditions.

2.3 QA/QC

The GC-ECD analyzer calibration was based on the method of producing PAN from
photochemical reaction of NO standard gas, acetone (purity≥ 99.99 %) and oxy-
gen under ultraviolet light irradiation. The NO standard gas was (Foshan Kodi Gas25

Chemical Industry Co., LTD) prepared at 4.6 ppm level with a N2 balance gas (pu-
rity≥ 99.9999 %).
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The concentration of PAN was calculated using the following formula:

[PAN] = η ·
[NO] ·Q1

Q2
·103 (1)

where [PAN] is the PAN concentration in ppbv; η is the yield of PAN production
(93±5 %); [NO] is the concentration of NO standard gas; Q1 is the flow rate of NO
standard gas (mLmin−1); and Q2 is the total flow rate after dilution (mLmin−1). Be-5

fore each experiment, the GC-ECD analyzer was calibrated using 5 point calibration
method with a R2 of 0.998, with regular one-point calibration weekly. Since the CCl4
concentration in the air was very stable, its peak signal was used to check the stability
of PAN signals.

The GC-FID monitoring detector was calibrated monthly using mixed standard gases10

of NMHC species. The correlation coefficient ranged from 0.984 to 0.999, and the
detection limits ranged from 0.03 to 0.09 ppbv. The O3 generator within the EC9810B
O3 Analyzer was used for standard calibration and multipoint linearity calibration; the
instrument detection limit was 0.05 ppbv.

2.4 HYSPLIT model15

The HYSPLIT model was developed by the United States National Oceanic and At-
mospheric Administration (NOAA) and Australia Bureau of Meteorology (Draxler and
Hess, 1997). It is widely used for simulating the motion of air masses at the regional
scale (Rappengluck et al., 2003; Zhang et al., 2009; Fischer et al., 2011; Zhang et al.,
2014). In this study, the meteorological data used in the model were derived from the20

global latitude–longitude projection (GBL) archive, with a 2.5◦ ×2.5◦ spatial resolution.
To evaluate the influence of remote sources on the PAN concentration in Guangzhou,
we examined the relationship between backward trajectories of air masses and PAN
concentration at the study site.
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3 Results and discussion

3.1 Concentrations of PAN and other photochemical pollutants

One finding of this study is that during the year-long observation both the concen-
trations of typical photochemical precursors and products were relatively high at the
study site (Fig. 2). The annual average concentrations of PAN and O3 were 0.84 and5

40.5 ppbv, respectively, while the annual average concentrations of NO2, NO, NO∗x,
and NMHCs were 31.2, 13.7, 44.9, and 38.1 ppbv, respectively. The hourly average
PAN concentrations ranged from 0.07 to 12.0 ppbv, and there were 32 observation
days in which the daily average concentration of PAN exceeded 5 ppbv health limit set
by WHO (1987). Our study also found that the daytime average PAN concentration in10

July of 2012 (0.95 ppbv) was higher than the level observed in the same month of 2006
(0.7 ppbv, Wang et al., 2010), indicating the worsening of PAN pollution in Guangzhou.

Although PAN is not a target compound of routine air quality monitoring programs,
due to its importance in photochemical processes, extensive observations have been
carried out to measure its concentration in many environments. In Table 1, the annual15

average concentrations of PAN from this study are compared with those in other places
around the world. It shows that the observed annual average concentration of PAN in
Guangzhou (0.84 ppbv) are similar to the levels in Lanzhou (China), Los Angeles (US),
and are notably higher than the levels in many other places.

Figure 3 shows the monthly variations of PAN concentration, temperature, solar ra-20

diation, and relative humidity (RH) at GPACS for the study period. It can be seen that
during the study period the PAN concentration was higher than its annual average con-
centration from August to October and lower from March to May. It is interesting to note
that the highest monthly average concentration occurred in October but not in the sum-
mer months (June to August) when the solar radiation was the strongest. It appears25

that although in the summer months the solar radiation was strong during the daytime,
the temperatures remained high during the night, and therefore during the daytime the
formation of PAN was favoured but during the night PAN readily underwent thermal
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decomposition (Grosjean et al., 2002). In the fall season, the solar radiation was still
relatively strong and temperature was relatively low, providing conditions that favour
the PAN production and accumulation.

3.2 Concentration of PA radicals

To understand the observed concentrations of PAN and its potential sources, we have5

evaluated the rate constants of PAN production and thermal decomposition. In the pro-
cess of PAN formation, the most important intermediate species is PA radicals, a key
player in the photochemistry of the troposphere (Sehested et al., 1998). In this study,
we did not measure the concentration of PA radicals. There is also no report of continu-
ous observation data of PA radicals for Guangzhou and surrounding areas. As a result,10

we estimated PA concentrations based on our PAN measurement data and relevant
photochemical reaction constants. As Reactions (R2) and (R3) show, PAN is formed
from the reaction of PA and NO2, and at the same time PAN is also converted back to
PA and NO2 through thermal decomposition.

CH3C(O)O2NO2→ CH3C(O)OO+NO2 (R3)15

Because the concentrations of both PAN and NO2 were measured during the study, we
can use these reactions and their rate constants (Atkinson et al., 1997; Demore et al.,
1997) to calculate the concentration of PA radicals when Reactions (R2) and (R3) were
at equilibrium using Eq. (2).

[PA] =
k3[PAN]

k2[NO2]
(2)20

where k2 and k3 are the rate constants for Reactions (R2) and (R3).
For PA calculations, observation data were selected from four days (5 and 6 May,

3 and 6 October) in May to October of 2012, the period of strong photochemical
processes. In these four days, there were very little deposition process and the wind
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speeds were less 2 ms−1, suggesting a weak impact of meteorological conditions rela-
tive to chemical processes. The PA concentrations were calculated according to Eq. (2),
and the results are shown in Fig. 4.

It can be seen that the estimated concentration of PA radicals were high during the
daytime but low during the night. This is consistent with the knowledge that PA radicals5

are primarily derived from photochemical reactions. The hourly average concentrations
of PA radicals for the four days are 0.031, 0.04, 0.065, and 0.15 pptv. A comparison
(Table 2) shows that the calculated PA radical levels in Guangzhou for the study period
are much higher than those in many other places, indicating strong photochemical
oxidation processes in Guangzhou area. Since PA radicals are primarily produced by10

photochemical reactions (LaFranchi et al., 2009; Liu et al., 2010), high concentrations
of PA radicals were likely a result of the high concentrations of VOCs in Guangzhou.

The PA concentrations estimated above can be affected by the uncertainties asso-
ciated with NO2 and PAN measurements. The uncertainty for NO2 measurement nor-
mally is around 7 % (Cao et al., 2013), and that for PAN is only about 5 %. Combined,15

the uncertainties from the NO2 and PAN measurements would introduce an error of
approximately 10 % for the estimated PA concentration. Therefore, the uncertainty in
estimating PA should be acceptable for the purpose of this work.

The rate of PAN production can be calculated as follows:

d[PAN]

dt
= k2[CH3C(O)OO][NO2] (3)20

and similarly the thermal decomposition rate of PAN can be calculated as:

−d[PAN]

dt
= k3[PAN] (4)

Therefore, based on the estimated concentration of PA radicals and other observation
data, we can obtain the rate of production and the rate of thermal decomposition for
PAN at specific conditions. From Fig. 4, it is clear that PAN formation mainly occurred25
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between 08:00–18:00 LT, and thus for the selected four observation days, we used data
from this period for our analysis. Our calculations show that for this time period, the rate
of PAN production for the four days are 0.08, 0.09, 0.28, and 0.61 ppbv 10min−1, while
the rate of thermal decomposition are 0.13, 0.16, 0.63, and 1.09 ppbv 10min−1. Clearly,
the rate of thermal decomposition of PAN is greater than the rate of its production. One5

major factor for this could be the high temperatures at the study site during those four
days, with the temperatures averaging 26.8±2.4, 27.2±2.2, 28.1±3.0, and 29.3±2.6 ◦C.
High temperatures promote the decomposition of PAN and reduce its accumulation
in the atmosphere. However, even under such conditions, the concentrations of PAN
observed during the four days were still significantly high, suggesting the contributions10

of PAN from sources beyond the local photochemical processes.
Using Eqs. (3) and (4), we calculated the monthly PAN production and decomposition

under the equilibrium condition for the photochemical reactions for the period between
08:00–18:00 LT, and the results are shown in Fig. 5. As can be seen from Fig. 5, PAN
production is high for August, September, and October, but the decomposition is also15

fairly high for these months. Since during photochemical reactions the PAN production
and decomposition occur at the same time, the difference between the two is then the
net increase of PAN concentration.

By comparing this net increase to the measured PAN concentration, we can estimate
the contribution of PAN transported to the study site from distant sources, as shown in20

Fig. 6. The calculations suggest that for the entire year of 2012, PAN from distant
sources accounts for about 30 % of the total measured PAN at the study site. The
PAN contributions by distant sources are different among individual months, with the
highest contributions for the months in the fall (56 %) and the lowest for the months of
the summer (9 %).25
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3.3 Sources of PAN in Guangzhou

3.3.1 Contributions of NMHCs to PAN production

Reactions (R1a) and (R1b) indicate that NMHCs are key precursors that produce PA
radicals. However, contributions of specific NMHCs to the formation of PAN in the atmo-
sphere are not well understood, particularly in an environment characterized by strong5

emissions of NMHCs, such as in Guangzhou. Knowledge about the relative contribu-
tions of individual NMHC species to PAN formation can help identify sources of PAN
and provide valuable information for developing control measures.

Table 3 lists the annual average concentrations of 56 NMHC species measured in
this study and their ability to form three key precursors for PAN (acetaldehyde, acetone,10

and MGLYOX). A total of 14 alkanes, 8 alkenes, and 3 aromatics meet the criteria. We
calculated the relative contributions of these 24 NMHCs to PAN formation using MCM
(MCMv3.1, Master Chemical Mechanism) (Bloss et al., 2005; Michael et al., 1997;
Jenkin et al., 2003; Saunders et al., 2003), and the results are shown in Table 4. Table 4
indicates that among the three NMHC groups, alkenes are the largest contributor to15

PAN production, accounting for 53 % of the total, and aromatics and alkanes account
for 11 and < 7 %, respectively.

The calculated relative contributions of individual NMHCs to PAN production are
markedly different. The big contributors include isoprene, cis-2-pentene, m-&p-xylenes,
and toluene, among the others. The contribution by isoprene alone is about 29 % (or20

as high as 41 % of the total contributions by all 56 NMHCs), consistent with the cal-
culations of other studies (Fischer et al., 2014; Folberth et al., 2006; Horowitz et al.,
1998).

It should be noted that in this study, the observed PAN concentration (0.84 ppbv) is
about 1.4 times higher than the calculated value (0.60 ppbv, Table 4). This suggests25

that there might be additional contributions to the PAN formation from other NMHCs
that were not captured in our measurement. There are also the potential contributions
to the PAN observed at the study site from distant sources.
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3.3.2 Impact of distant sources on PAN concentrations in Guangzhou

Relationships among PAN and other photochemical pollutants

In order to understand the sources of PAN, we performed a Pearson correlation anal-
ysis to examine the relationships among PAN, O3, NO∗x, and NMHCs (Table 5). The
results of this analysis indicate that there is a modest correlation between O3 and5

PAN. This is different from the findings of several other studies (Tsani-Bazaca et al.,
1988; Gaffney et al., 1999; Beine et al., 2000; Zhang et al., 2009). The lack of corre-
lation between PAN and O3 at the study site suggests that during our study period,
the concentrations of PAN and O3 were influenced by sources or processes besides
the photochemical reactions of precursors. We have observed that at the study site the10

O3 concentration showed a clear single peak diurnal variation pattern, indicating that
it was primarily produced from local photochemical reactions, which is consistent with
the conclusion of Y. N. Zhang et al. (2011). Thus, PAN and O3 in Guangzhou do not
share similar characteristics and likely are influenced by the distant sources differently.
This is consistent with the results of our earlier calculations, which shows that about15

30 % of the PAN observed at the study site is from outside sources.
NO2 plays an important role in the formation of PAN, and in many places a positive

correlation between the two species has been well documented (e.g., Lee et al., 2013;
Zhang et al., 2014). However, in our study a modest correlation between PAN and NO2
was found, with correlation coefficients of 0.262, 0.042, −0.241, and −0.160 for the20

daytime in four seasons. This supports the notion that a significant portion of the PAN
observed at the study site was formed in other places and subsequently transported to
the Guangzhou area. In addition, the average NMHCs/NOx ratio found in our study
was 5.1, lower than the levels found in other places (Hernandez and Ortiz, 1999; Rubio
et al., 2005). This further suggests that non-local sources were partially responsible for25

the high PAN levels observed at the study site.
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Transport of PAN from potential distant sources

In our earlier discussions, based on measurement data and calculations, we have
suggested that some of the PAN in Guangzhou came from non-local sources, likely
through atmospheric transport. We have back calculated the air mass trajectories for
all the months of the observation period using HYSPLIT (Version 4.9, Draxler and Hess,5

1997). The meteorological data used for calculations were obtained from NOAA (24 h).
The calculation results are presented in Fig. 7.

Figure 7 shows that during March, April, May, and July, air masses moved from
ocean to the study site, bringing in clean air. In October, air masses came from indus-
trialized cities Dongguan and Shenzhen (see Fig. 1), transporting a large amount of air10

pollutants and causing high levels of PAN at the study site. In December, air masses
first passed heavily polluted Foshan area before arriving at the study site and, with the
mild temperatures during the month, resulting in relatively high PAN levels. Similarly, in
September air masses also passed through heavily polluted Shenzhen, causing high
levels of PAN.15

Although the air mass trajectories for November are similar to those for October, the
PAN levels in November were much lower than the levels in October. Meteorological
data show that four cold air masses passed through the study site on 13, 16, 23, and
26 November, and this may have considerably reduced amount of PAN transported to
the study site. Nevertheless, the PAN levels in November were still comparable to the20

levels in the summer months when the solar radiation was strong.
Clearly, regional transport of air pollutants has a strong impact on the PAN concentra-

tions in Guangzhou, especially when the air masses pass through highly industrialized
cities of Dongguan and Shenzhen. Because of the contributions of PAN from distant
sources, correlations between major photochemical pollutants PAN, O3, and NO2 found25

at many other places were not observed in Guangzhou.
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4 Conclusions

The concentrations of PAN, O3, NOx, and NMHCs were continuously monitored from
January to December 2012, at an atmospheric composition station in Guangzhou,
China. Based on the observation data, we examined the relationship between PAN
and other key photochemical precursors and products, and investigated the different5

sources of PAN in Guangzhou.
During the study period, the maximum hourly average concentrations of PAN and

O3 were 1.86 and 52.8 ppbv, respectively. When compared to historical data, the con-
centrations of PAN and O3 in Guangzhou area seemed to show a continued increase,
contributing to an increasingly strong oxidation atmospheric environment.10

NMHCs play an important role in the production of PAN in Guangzhou but their con-
tributions to this process vary with species. During the study, the dominant contributors
to the production of PAN were alkenes, with about 53 % of the estimated total contribu-
tion from these species. Aromatics were also important, with around 11 % of the total
contribution. Alkanes contributed the least, accounting for < 10 % of the total.15

The atmospheric environment of Guangzhou was not only impacted by photochem-
ical processes but also by the pollutants transported to the area by air masses from
the heavily industrialized cities of Dongguan and Shenzhen. This is supported by the
observation that the measured PAN concentrations are higher than the concentrations
calculated from photochemical reactions of precursors. Future work will be focused on20

the compositions of air masses from the areas surrounding Guangzhou.
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Table 1. PAN levels measured in this study and observed in other locations.

Location Period PANa PANb Altitudec Latitude, Longitude Ref.d

Urban
Beijing, China Jan–Mar 2010 3.51 0.70 58 39.95◦ N, 116.32◦ E 1
Beijing, China Aug 2007 14.0 39.99◦ N, 116.31◦ E 2
Seoul Korea, Korea 2011 5.03 0.57 25 37.32◦ N, 126.50◦ E 3
Korea University, Korea May–Jun 2005 10.4 0.80 46 37.32◦ N, 127.05◦ E 4
Los Angeles, US May–Jun 2010 0.9 5
Riverside, US Aug–Dec 1967 58.0 6
Ichihara, Japan 1985–1994 0.38 35.52◦ N, 140.08◦ E 7
Roman, Italy Apr 2007 30.3 37 41.54◦ N, 12.30◦ E 8
Porto Alegre, Brazil May 1996–Mar 1997 6.67 0.4 10 30.3◦ S, 51.23◦W 9
Berlin, Germany Aug 1998 2.50 52.65◦ N, 13.30◦ E 10
Mexico City, Mexico Apr–May 2003 8.0 19.36◦ N, 99.07◦W 11
Athens, Greece Jul–Aug 2000 6.60 12
Taipei, Taiwan Jul 1992–Apr 1993 27.0 26 25.05◦ N, 121.54◦ E 13

Suburban
Guangzhou, China Jan–Dec 2012 12.5 0.84 141 23.07◦ N, 113.43◦ E 14
Lanzhou, China Jun–Jul 2006 9.13 0.76 1631 36.13◦ N, 103.69◦ E 15
Huston, US Aug–Sep 2000 6.50 0.48 26.67◦ N, 95.06◦W 16
Frjoles Mesa, US Oct 1987–Jan 1989 1.91 0.23 1950 35.88◦ N, 106.32◦W 17

Mountain top
Mt. Waliguan, China Jun–Jul 2006 1.40 0.44 3816 36.19◦ N, 86.70◦ E 15
Jungfraujoch, Japan Feb–Mar 2003 1.29 0.14 45.55◦ N, 7.98◦W 18

Arctic
Ekstrokm ice shelf Feb 1999 0.05 0.01 32 19
Brunt ice shelf Jul 2004–Jan 2005 0.05 0.009 32 75.6◦ S, 26.6◦W 20

Marine Boundary Layer
Atlantic Ocean May–Jun 1998 1.09 0.01 32 21
Baengyeong, Korea Aug 2010–Apr 2011 2.47 0.38 150 37.95◦ N, 124.51◦ E 22

Coastal
Charleston, US Jul–Aug 2002 2.79 0.36 71.00◦ N, 42.5◦W 23
Nopigia, Greece May–Jun 1999 1.9 35.53◦ N, 23.78◦ E 10

Island
Rishiri Island, Japan Jun 1999 0.15 35 45.07◦ N, 141.12◦ E 24
Rishiri Island, Japan Jul 1999 0.09 35 45.07◦ N, 141.12◦ E 24
Rishiri Island, Japan Aug 1999 0.036 35 45.07◦ N, 141.12◦ E 24

a Maxium value, ppbv.
b Mean value, ppbv.
c ma.s.l.
d Reference: 1. Zhang et al. (2014); 2. Liu et al. (2010); 3. Lee et al., (2013); 4. Lee et al. (2008); 5. Pollack
et al. (2013); 6. Taylor et al. (1969); 7. Watanabe et al. (1998); 8. Movassaghi et al. (2012); 9. Grosjean
et al. (2002); 10. Rappengluck et al. (2003); 11. Marley et al. (2007); 12. Glavas et al. (2001); 13. Sun and Huang
(1995); 14. this work; 15. Zhang et al. (2009); 16. Roberts et al. (2001); 17. Gaffney et al. (1993); 18. Whalley
et al. (2004); 19. Jacobi et al. (1999); 20. Mills et al. (2007); 21. Jacobi and Schrems (1999); 22. Lee et al. (2012);
23. Roberts et al. (2007); 24. Tanimoto et al. (2002).
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Table 2. Comparison of PA concentrations from different studies.

Location Average PA levels (pptv) Period Ref.

Guangzhou, China 0.072 May and Oct 2012 This study
Pasco, WA, US < 0.003 Aug 1997 Gaffney et al. (1999)
Atlanta, US 0.03 Jul–Aug 1992 Aneja et al. (1999)
Beijing, China 0.0028 Jan–Mar 2010 Zhang et al. (2014)
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Table 3. Measured concentrations of NMHCs and their ability to form PAN precursors.

NMHC Species Formation of three key PAN precursors Annual Average
Concentrationa

SDb

Acetaldehyde Acetone MGLYOX

Alkane Ethane Yes – – 2.950 1.805
Propane Yes Yes – 3.616 2.102
Isobutane Yes Yes – 2.238 1.700
Isopentane Yes Yes – 1.734 1.438
n-Pentane Yes Yes – 1.267 1.106
n-Butane Yes Yes – 2.590 1.984
n-Undecane Yes Yes – 0.122 0.213
n-Nonane Yes Yes – 0.602 0.626
n-Heptane Yes Yes – 0.452 0.457
n-Decane Yes Yes – 0.267 0.272
n-hexane Yes Yes – 1.189 1.020
n-Octane Yes Yes – 0.307 0.300
2,3-dimethylbutane Yes Yes – 0.301 0.264
2,2-dimethylbutane – – – 0.452 0.290
2-methylhexane Yes Yes – 0.500 0.701
3-methylhexane – – – 0.563 0.484
Cyclopentane – – – 0.403 0.329
Cyclohexane – – – 2.534 1.210
2-methylpentane – – – 0.834 0.696
3-methylpentane – – – 0.830 0.676
2-methylheptane – – – 0.279 0.302
3-methylheptane – – – 0.215 0.381
2,3-dimethylpentane – – – 0.432 0.348
2,4-dimethylpentane – – – 0.368 0.288
Methylcyclohexane – – – 0.339 0.344
Methylcyclopentane – – – 0.640 0.588
2,3,4-trimethylpentane – – – 0.299 0.305
2,2,4-trimethylpentane – – – 0.224 0.279
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Table 3. Continued.

NMHC Species Formation of three key PAN precursors Annual Average
Concentrationa

SDb

Acetaldehyde Acetone MGLYOX

Alkene Ethylene – – – 3.005 1.978
Propylene Yes – Yes 1.159 0.921
1-Butene Yes – – 0.504 0.372
trans-2-Butene Yes – – 0.429 0.379
cis-2-Butene Yes – – 0.375 0.342
1-Pentene Yes – – 0.467 0.302
Isoprene Yes – – 1.661 1.283
trans-2-pentene Yes – – 0.306 0.156
cis-2-pentene Yes – – 0.555 0.217
2-Methyl-1-Pentene – – – 0.453 0.359

Aromatics Benzene – – – 0.998 0.458
Toluene – – Yes 4.437 3.444
Ethylbenzene – – – 1.247 1.090
m&p-Xylenes – – Yes 1.874 1.735
Styrene – – – 0.424 0.381
o-Xylene – – Yes 0.699 0.656
Isopropylbenzene – – – 0.106 0.213
n-Propylbenzene – – – 0.195 0.212
m-Ethyltoluene – – – 0.266 0.243
p-Ethyltoluene – – – 0.303 0.308
1,3,5-Trimethylbenzene – – – 0.208 0.301
o-Ethyltoluene – – – 0.186 0.213
1,2,4-trimethylbenzene – – – 0.192 0.208
1,2,3-trimethylbenzene – – – 0.181 0.215
m-Diethylbenzene – – – 0.111 0.253
p-Diethylbenzene – – – 0.129 0.153

Others Acetylene – – –
a Units are in ppbv.
b SD: standard deviation.
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Table 4. Contributions of NMHCs to PAN production∗.

NMHCs species PAN contribution Percentage contribution (%)

Alkane Ethane 0.0008 < 1
Propane 0.0047 < 1
Isopentane 0.0092 1.1
Isobutane 0.0063 < 1
2,3-Dimethylbutane 0.0024 < 1
n-Pentane 0.0064 < 1
n-Hexane 0.0088 1.0
n-Heptane 0.0041 < 1
n-Nonane 0.0086 1.0
2-methylhexane 0.0032 < 1
n-Octane 0.0010 < 1
n-Decane 0.0023 < 1
n-Undecane 0.0027 < 1

Alkane total 0.0605 < 7.2

Alkene Propylene 0.0328 3.9
1-Butene 0.0182 2.2
trans-2-Butene 0.0316 3.8
cis-2-Butene 0.0251 3.0
1-Pentene 0.0183 2.2
Isoprene 0.2467 29.4
trans-2-Pentene 0.0258 3.1
cis-2-Pentene 0.0459 5.5

Alkene total 0.4444 53.1

Aromatics Toluene 0.0329 3.9
m-&p-Xylenes 0.0456 5.4
o-Xylene 0.0118 1.4

Aromatics total 0.0903 10.8

NMHCs total 0.60 ∼ 70

∗ Units for all species are in ppbv.
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Table 5. Results of correlation analysis between PAN and relevant pollutants measured at
GPACS in daytime and nighttime during different seasons of 2012.

Correlation
coefficient

PAN O3 NO NO2 NOx NMHCs

Daytime

Jan–Mar PAN 1
O3 −0.162a 1
NO 0.213b −0.314b 1
NO2 0.262b 0.339b 0.291b 1
NOx

a 0.278b −0.108 0.916b 0.650b 1
NMHCs 0.188a −0.072 0.716b 0.450b 0.757b 1

Apr–Jun PAN 1
O3 0.212b 1
NO −0.064 −0.218b 1
NO2 0.042 −0.414b 0.160b 1
NOx

a −0.027 −0.387b 0.852b 0.653b 1
NMHCs −0.030 −0.303b 0.132b 0.514b 0.374b 1

Jul–Sep PAN 1
O3 0.317b 1
NO −0.283b −0.557b 1
NO2 −0.241b −0.340b 0.452b 1
NOx

a −0.296b −0.484b 0.753b 0.928b 1
NMHCs −0.045 −0.141b 0.061 −0.016 0.014 1

Oct–Dec PAN 1
O3 0.402b 1
NO −0.238b −0.508b 1
NO2 −0.160b −0.275b 0.536b 1
NOx

a −0.218b −0.421b 0.824b 0.920b 1
NMHCs −0.102a −0.104a 0.136b 0.114 0.140a 1
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Table 5. Continued.

Correlation
coefficient

PAN O3 NO NO2 NOx NMHCs

Nighttime

Jan–Mar PAN 1
O3 −0.099b 1
NO 0.326b −0.280b 1
NO2 −0.054b 0.537b −0.120b 1
NOx

a 0.261b 0.022b 0.858b 0.407b 1
NMHCs 0.299b −0.232b 0.795b 0.010b 0.737b 1

Apr–Jun PAN 1
O3 0.232b 1
NO −0.146b −0.359b 1
NO2 0.174b −0.134b 0.236b 1
NOx

a 0.039 −0.298b 0.735b 0.833b 1
NMHCs 0.004 −0.196b 0.411b 0.527b 0.601 1

Jul–Sep PAN 1
O3 0.263b 1
NO −0.135b −0.348b 1
NO2 0.052 −0.262b 0.256b 1
NOx

a −0.048a −0.382b 0.766b 0.817b 1
NMHCs −0.017 0.024 −0.095b −0.056 −0.094b 1

Oct–Dec PAN 1
O3 0.089a 1
NO −0.129a −0.317b 1
NO2 0.030 −0.374b 0.509b 1
NOx

a −0.073 −0.391b 0.911b 0.819b 1
NMHCs −0.101a −0.040 0.108 0.137b 0.137a 1

a Correlation is significant at the 0.05 level.
b Correlation is significant at the 0.01 level.
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Figure 1. Location of Guangzhou Panyu Atmospheric Composition Station.
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Figure 2. Average concentrations of PAN and other photochemistry pollutants during the four
seasons and full year of 2012. For O3, the levels shown are averages of maximum 8 h concen-
trations.
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Figure 3. Monthly variations of PAN, temperature, solar radiation, and RH during the monitoring
period.
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Figure 4. Estimated hourly concentrations of the PA (CH3C(O)O2) radical at GPACS on
5 and 6 May, 3 and 6 October. Each hourly concentration is an average of six 10 min PA con-
centrations, which were calculated from 10 min measurements using Eq. (4). The vertical bars
represent standard error. This is one example of several such periods throughout the measure-
ment period.
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Figure 5. Calculated monthly average PAN formation and decomposition for the period between
08:00–18:00 LT of the observation days.
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Figure 6. Comparison of locally formed PAN and the measured PAN for the period between
08:00–18:00 LT of the observation days.
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Figure 7.
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Figure 7. Back trajectories of air masses simulated using HYSPLIT.
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